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Chapter 4

Analysis and results

4.1 Detection efficiency and cross-section

normalisation

Cross-section measurements require the evaluation of the detection effi-
ciency. In particular in the case of breakup, not every event of interest
will be detected with both particles in the focal plane. The actual ef-
ficiency can not be evaluated analytically, it must be obtained through
Monte-Carlo simulations.

It is important to note that the efficiency is very sensitive to various
aspects. The position of the blocker has to be known with especially
good precision because most of the 12C nuclei hit the detector in this
region. Because the BBS opening geometry is larger in the vertical di-
rection than in the horizontal direction, fragments emitted vertically
are more likely to be accepted than those emitted horizontally. Many
fragments stemming from m = ±2 substates (emitted mainly in the hor-
izontal plane; the z-quantisation axis is given in fig. 3.9) do not enter the
acceptance, while fragments from m = 0 substates (mainly in the ver-
tical plane) are more efficiently detected through the vertically-shaped
acceptance. Moreover, the production of 16O∗ is mainly at small scatter-
ing angles (see fig. 2.8), and the fragment emitted to even smaller angles
is likely not to enter the spectrometer opening, which leads to a large
reduction in the yield. This is more probable if this fragment is the α
particle since this has a 3-times larger angular deviation from the initial
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80 Analysis and results

16O∗ direction.
The tests made in Orsay showed the CSC intrinsic efficiency to

be relatively flat with variations between 95 and 100% over the whole
plane [Pla99]. Before the experiment we estimated the global efficiency
of each CSC plane. This is done by measuring the single-event count
rate with various voltages. First, only the scintillators and next, the
whole system in coincidence (scintillators and CSC’s) were tested. Scin-
tillators trigger on every charged particle. The maximum count-rate
ratio of events seen by CSC’s to all scintillator triggers was about 90%
at voltages above 1900 to 2000 V. The 5-to-10% difference was expected
because of background not seen by the CSC’s. Taking this into account,
the efficiency of the system is estimated to be indeed the value measured
during the tests in Orsay, i.e. better than 95%.

The cross-section normalisation requires to know the number of beam
particles impinging on the target. This is normally done by measuring
the integrated beam current in the Faraday cup that stops the beam. Be-
cause of a fault in the electronics this information was not registered for
most runs. This requires an additional normalisation step. We use runs
for which the Faraday-cup data were recorded, and measure the ratio of
the total number of detected coincidence events to the integrated charge.
The comparison between the various runs shows a systematic error of
about ±7% using this method. We observe 2.4×104 coincidences per µC.
This was obtained with a 208Pb target thickness of 4 mg/cm2 when the
spectrometer was set at 4◦ with a solid angle opening of about 10 msr.
The total number of coincidence events in the experiment was 414566
thus the corresponding integrated charge is 17.3 µC, or 1.35×1013 16O8+

nuclei impinging on target. This is also used to normalise the number of
incident particles used in the input file of the Monte-Carlo simulations
discussed is section 5.1.

4.2 Missing anode plane

As mentioned earlier, the first anode plane was sparking with the beam
on. Therefore, the U1 coordinate (see section 3.1.2) could not be used. To
reconstruct this coordinate nonetheless, we made use of the fact that, in
the BBS, the horizontal magnification My is very large (see section 3.1.1).
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Thus, φFP is small (less than ±0.4◦). Therefore, the particle trajectories
are almost horizontal in the focal plane. In the following, we assumed
that they actually were horizontal so that the vertical position in the first
detector was taken equal to the vertical position in the second detector.
In this way U1 could be calculated and so xFP . This deteriorated the δ
resolution to about 10−3 and the θFP resolution to about 0.8◦.

4.3 Backtracking

In principle, the calculation of the angles and rigidity of a particle at the
target position are carried out with the inverse transfer matrix given in
eq. 3.4 and written, in order (i + j + k + l + m):

rT =
∑

i,j,k,l,m

(r|xiθjykφlδm)xi
FP θj

FP yk
FP φl

FP δm
FP . (4.1)

Because of distortion present in any optical system, higher-order pa-
rameters can not be neglected for achieving resolution. The first-order
calculations given in section 3.1.1 are usually not sufficient for precisely
tracking the particle back to the target. In general the first CSC does
not coincide exactly with the focal plane (here it was positioned behind
the first CSC). Calculations are made to third order assuming that δ
is practically not altered by the optical system and does not depend
appreciably on φFP or yFP .

In this method, the detectors are first scanned using the peak from
elastic scattering by setting the BBS to different nominal rigidities. In
fig. 4.1 top, an untreated two-dimensional spectrum is displayed from
such a scan. It shows optical distortion with a residual dependence
between xm and θm, the position and the horizontal angle measured in
the detectors, respectively. Ideally, these should be independent of each
other in the focal plane. The transfer relation can be written in third
order

δ = (δ|x0θ0) + (δ|x1θ0)xm + (δ|x0θ1)θm +

(δ|x2θ0)x2
m + (δ|x1θ1)xmθm + (δ|x0θ2)θ2

m +

(δ|x3θ0)x3
m + (δ|x2θ1)x2

mθm + (δ|x1θ2)xmθ2
m + (δ|x0θ3)θ3

m . (4.2)
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Figure 4.1: The top figure shows θm plotted versus xm for various
rigidities. The bottom figure shows the rigidities reconstructed from the
top figure via the third-order polynomial of eq. 4.2. The resolution is
better than 10−3. The background has been removed. The height of the
peaks is arbitrary.
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Since δ is known for elastic scattering, the ten matrix coefficients can be
determined by using the least-square method. The final rigidity spec-
trum is shown in fig. 4.1 bottom with parameters optimised to obtain
minimal width. The momentum resolution read off from the widths is
about 10−3.

Similarly, the scattering angles at the target, θT and φT , can be
reconstructed from xm, ym and θm by using a ‘sieve slit’, i.e. a slit
pierced with holes for which the angular positions are known, located
in front of the first quadrupole. Fig. 4.2 top displays the images of the
holes, in the θm-versus-xm space. Fig. 4.2 bottom shows their images in
the ym-versus-xm space. It appears in the latter that the φT resolution
is not sufficient nearby the bow-tie centre, at the high-momentum side
of the focal plane. We carried out a second-order reconstruction for θT :

θT = (θ|x0θ0) + (θ|x1θ0)xm + (θ|x0θ1)θm +

(θ|x2θ0)x2
m + (θ|x1θ1)xmθm + (θ|x0θ2)θ2

m (4.3)

and a third-order one for φT :

φT = (φ|x0y0) + (φ|x1y0)xm + (φ|x0y1)ym +

(φ|x2y0)x2
m + (φ|x1y1)xmym + (φ|x0y2)y2

m +

(φ|x3y0)x3
m + (φ|x2y1)x2

mym + (φ|x1y2)xmy2
m + (φ|x0y3)y3

m . (4.4)

The result of the calculation is displayed in fig. 4.3. The right side
of the figure contains few data points but it is known that a second-
or third-order polynomial reconstruction is efficient so that it is possi-
ble to extrapolate to this location. Therefore, the initial characteristics
(p, θT , φT ) of the motion of a particle coming out of the target can be
completely reconstructed from focal-plane measurements.

4.4 Isotope discrimination

The breakup of oxygen nuclei leads to many different coincident frag-
ments. We see especially a large contribution of α–α events. In order
to identify 12C–α coincidences in the scintillators, a time-of-flight ver-
sus energy-loss spectrum is plotted for each of the left and right sets
of scintillators (see fig. 4.4). Particles passing through the acceptances
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Figure 4.2: The top figure displays θm versus xm. The spots are the
images of the vertical lines of holes (θT constant) in the sieve slit for
various magnet settings (similarly to fig. 4.1). The bottom figure is ym

versus xm. The spots are the images of the horizontal lines of holes
(φT constant) for the various magnet settings. The images of some holes
are not visible because of missing strips in the CSC’s.
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Figure 4.3: Image of the ‘sieve slit’ reconstructed from fig. 4.2 and
eqs. 4.3 and 4.4. The spectrometer opening-angle shape and the real
position of the holes have been plotted. The missing holes in the slit are
used as orientation marks. The measured resolution FWHM in about
0.35◦ for θT and 0.5◦ for φT .

have nearly the same rigidity. Therefore, for any species detected, the
time of flight (∝ 1/V ) is a measure for the mass-to-charge ratio. The
energy loss in the scintillators depends on Z. Thus, in a time-of-flight
versus energy-loss spectrum, it is possible to identify the different nuclei.
The A/Z = 2 line, containing 12C and α, is easily recognisable due to
the ‘8Be gap’ (this nucleus is unstable and decays into two α particles)
and to the large amount of α–α coincidences. A cut around the regions
logically determined by (12C left ⊗ α right) ⊕ (α left ⊗ 12C right) un-
ambiguously determines the relevant coincidences. The final experiment
did not present such nice separation of isolated isotopes because of dete-
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Figure 4.4: Coincidence run from the test experiment: Relative time of
flight versus energy loss in the scintillators. The left picture compiles the
data from scintillators 1 and 2, and the right one, from 3 and 4. Particles
with the same A/Z ratio are distributed on the same horizontal line. The
main A/Z = 2 line shows the ‘8Be gap’ and all other isotopes from 4He
to 12C. The contours isolate 12C–α coincidence events. At the bottom
of the figure, there are weak identical images of the isotope ‘islands’,
corresponding to random coincidences with the next cyclotron burst as
explained in section 4.5.

rioration in the scintillator energy resolution. It was necessary to make
large cuts in this spectra, i.e. including some of the closest isotopes
(notably 6Li and 10B). The energy selections, discussed below, removed
very efficiently these additional isotopes.
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Figure 4.5: Time-of-flight difference between the right and the left
scintillator sets. It shows a random-to-prompt ratio of about 0.25%.
Overlaps have been avoided by projecting only for A/Z = 2 lines (see
fig. 4.4). The cyclotron cycle is 25 ns.

4.5 Random coincidences

It may happen that two particles stemming from two independent re-
actions trigger the scintillators in coincidence. The importance of such
an accidental coincidence event can be estimated for the worst case by
choosing a high-rate run with a single-event detection rate of 3.5 kHz
with the elastically-scattered particles blocked.

It is possible to discriminate those random coincidences if the parti-
cles stem from different cyclotron bursts. The differential time of flight
plotted in fig. 4.5 shows random coincidences between different bursts.
The figure shows a ratio of random-to-prompt events between two neigh-
bouring bursts of 0.25%, which implies that random coincidences can be
neglected.

Because of the large velocity acceptance, a particle impinging at the
far low-momentum side can be about 15 ns late compared to a particle
ending up at the extreme high-momentum side. Nonetheless, each scin-
tillator covers only one quarter of the active area and the time-of-flight
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spread in one of those is only about 4 ns. Therefore, the times of flight
from all the scintillators have been calibrated relatively to each other
before substraction.

4.6 Efficiency loss

It appeared during the analysis that there was an efficiency loss in the
data. Fig. 4.6 top is an inclusive θm-versus-xm spectrum where an almost
discontinuous cut is clearly visible. It seems to correspond to a loss of
efficiency on the left part of the left scintillator. This cut is not so
clear in all inclusive spectra. Fig. 4.6 middle displays the analogous
exclusive spectrum, which includes all 12C–α coincidences for all states
with or without target excitation. Fig. 4.6 bottom displays only the two
2+ resonances, isolated as described in section 4.8. These two exclusive
spectra contain the positions and angles of the particles identified as 12C.
The cut is nearly at the same position as in the inclusive spectrum. The
loss is clearer than in the α spectra, which contain less particles on this
side of the detectors (most α particles are on the low-momentum side).
To reproduce this efficiency loss in the Monte-Carlo simulation discussed
in section 5.1, a linear cut has been imposed at the position indicated
by the arrow in the figures.

4.7 Elastic-breakup determination

The cuts in the scintillator data already provide a relatively clean set
of events. However, there are non-elastic events among the 12C–α coin-
cidences, for example, events involving target excitation or breakup to
excited 12C (see section 3.2.3).

We can already validate the events chosen in the scintillator by the
following technique. From fig. 3.8 it follows that the velocity of the
fragments’ centre of mass in the laboratory can be expressed classically
(V ¿ c) as

V =
(
V 2

O + v2 + 2 VO v cos θcm

) 1
2 ' VO

(
1 +

v

VO

cos θcm

)
, (4.5)
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Figure 4.6: Efficiency loss in the scintillators for inclusive and exclusive
spectra. The top figure includes every coincidence event, the middle
one displays all 12C–α coincidences, the bottom figure only displays the
2+ states. The arrows point in the direction of the cut used in the
simulation.
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with VO À v, where (V, v) can be (VC , vC) or (Vα, vα). Since mαvα =
mCvC and θαcm = π−θCcm, the ratio of the rigidity deviations is written
δα/δC ' −mC/mα ' −3. Therefore, we expect to see the fragments
distributed along lines of slope −1/3 in a two-dimensional (δC , δα) spec-
trum. Such a spectrum is shown in fig. 4.7 and displays these lines
unambiguously. Actually, VO decreases with the energy spent in the ex-
citation process. Also, v decreases if decay occurs to the excited state
in 12C. This results in different lines for events with different excitation
energies and/or involving excitation of 12C. The strongest line in the re-
gion of interest contains the elastic-breakup events. The second weaker
line corresponds to a 4.44 MeV loss, i.e. a 2− state decaying to the first-
excited level of 12C. The cloud includes mutual excitation of projectile
and target. The asymmetry of the cloud is due to the energy loss in
target excitation that shifts the fragments to the low-momentum side in
the focal plane such that most of them do not trigger both scintillator
sets in coincidence.

The sum of the kinetic energies of the fragments is given by

Esum = KC + Kα = Ebeam − Eloss − E∗
Pb − E∗

C −Q , (4.6)

where E∗
Pb and E∗

C are the excitation energies of 208Pb and 12C, and Q
is the reaction Q-value for 16O breakup into α and 12C in their ground
states. Eloss is the energy lost in the target mainly due to the electronic
stopping power. In a 208Pb target 4 mg/cm2 thick, this is estimated
to be approximately 750 keV with the Bethe-Bloch formula [Bet53].
Therefore, the sum energy allows to discriminate the elastic breakup
where E∗

Pb = E∗
C = 0 from the other events. A cut in the Esum spectrum

isolates in principle the region of interest, as shown in fig. 4.8. The right
peak corresponds to the beam energy minus the reaction Q-value and
includes all elastic-breakup events, while the left one has a 4.44 MeV
shift and contains events from a 2− resonance excitation decaying to
the 2+

1 level in 12C. The continuum below this peak is mainly due to
target excitation. With a good resolution, a cut around the elastic-
breakup peak removes nearly all non-elastic 12C–α events. Because of
the low resolution of both setups, the peaks overlap so that some events
from M2 decay pollute the events from E2 decay, especially in the final
experiment. We will see in the next section that we need to use a two-
dimensional spectrum to have a clean separation of the two types of
events.
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4.8 Relative-energy spectrum

The relative energy between the fragments is calculated as explained in
section 3.2.2. In the relativistic case, the relative-energy is calculated
with the centre-of-mass velocities given by the Lorentz transformation.

In the previous section it was stated that a cut around the elastic-
breakup peak in the sum-energy spectrum would remove most of the
background. This is done for the test experiment and the result is plot-
ted in fig. 4.9. Due to the spectrometer optical aberrations described in
section 3.1.1, the data from the test experiment underwent an impor-
tant cut in vertical angle for α particles (about 40% of the events, see
fig. 3.2) such that large relative-energy events, and notably the 4.36 MeV

Figure 4.7: Rigidity deviation of α and 12C particles with respect to
each other. The strong line of slope −1/3 is unambiguously associated
with the elastic breakup of the 2+ resonances. The weak parallel line is
due to the 2− resonances decaying to the 2+

1 state in 12C, and the cloud
corresponds to mutual projectile and target excitation. Data are from
the test experiment.
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Figure 4.8: Sum of the fragment kinetic energies from the test experi-
ment. The right peak is the region of interest containing elastic breakups,
i.e. due to 2+ resonances. The left peak, 4.44 MeV further, stems from
excitation of 2− resonances that decay to the first-excited level of 12C.
The left bump is due to target excitation. In the final experiment, the
resolution is such that the separation between the peaks is less clear.

resonance, do not appear. Nonetheless, the first 2+ resonance is clearly
visible.

For the final experiment, the achieved resolution does not allow a
clean cut. Nonetheless, a provisional cut is made, as previously, only in
the energy-sum spectrum, to determine whether it is possible to identify
the two resonances in this way. The resulting relative-energy spectrum
is plotted in fig. 4.10 and shows a clear separation of the two states,
despite a relatively large background. The background at low energy
mainly comes from the decay of the 2− resonances in 16O via the excited
state of 12C.

A second cut in the sum-energy spectrum is made around the peak
of events stemming from the inelastic breakups. Fig. 4.11 displays the
resulting relative-energy spectrum. A clear separation appears between
the low-energy events, coming from the 2− resonances decaying to 0.93
and 1.37 MeV relative energy and the higher-energy events. The latter



4.8 Relative-energy spectrum 93

Figure 4.9: Relative-energy spectrum of the test experiment showing
unambiguously the first 2+ resonance. The peak shows a resolution
better than 750 keV, centred at 2.90 MeV in good agreement with the
expected 2.68 MeV.

come partially from the tails of the 2+ states and partially from the
inelastic-breakup events from the 2− states at 13.98 and 15.22 MeV in
16O, decaying to 2.38 and 3.62 MeV relative energy, respectively. It
is assumed that events near 2.68 and 4.36 MeV relative energy come
mainly from the tails of the 2+ resonances. There are also counts from

Fig. 4.12 shows a two-dimensional relative-energy versus sum-energy
spectrum that allows to identify ‘islands’ of events corresponding to ex-
citation of the various states. Since it is clear that the two 2+ states
are unambiguously identifiable, more accurate two-dimensional ellipti-
cal cuts are made to isolate them from the background. This is shown
in fig. 4.12. The result of these cuts is displayed in fig. 4.13 and shows
two peaks that essentially contain events from the 2+ resonances. There-
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Figure 4.10: Relative-energy spectrum of the final experiment obtained
with cuts in only the sum-energy spectrum. Two peaks are clearly identi-
fiable. They are located at about 2.65 and 4.40 MeV, in good agreement
with the 2+ resonances at 2.68 and 4.36 MeV.

fore, this spectrum permits to isolate the events of interest. The relative
energy is now plotted for both experiments in figs. 4.9 and 4.13. The
final experiment shows clearly the two first 2+ resonances at 9.84 and
11.52 MeV, corresponding to the relative energies 2.68 and 4.36 MeV.

4.9 Trajectory reconstruction

The angular distribution of the 16O∗ ejectile contains fundamentally im-
portant information since it depends on the contributing multipolarities
to the excitation as well as on the nature of the interaction: Coulomb
or nuclear excitation. A DWBA calculation can thus show the relative
strength of the various channels present in the reaction. Section 2.2.3
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Figure 4.11: Relative-energy spectrum of the final experiment. The
cuts have been made around the sum energy corresponding to the 2−

resonances. The peak below 2 MeV contains events from the two 2−

resonances lying at 0.93 and 1.37 MeV relative energy. The high energy
events near 2.68 and 4.36 MeV belong to the tails of the 2+ resonances
spread by the resolution in the sum-energy spectrum. Events from the
decay of higher 2− states are also present at 2.38 and 3.62 MeV.

shows the sensitivity of the distribution of 16O to the relative strength
of the nuclear and Coulomb contributions.

A fit of the data requires first an estimation of the optical param-
eters used in the model. Measurements of the angular distribution of
elastically-scattered 80 MeV/u 16O were done during the experiment.

The vertical slits located at the opening of the spectrometer were
then partially closed to reduce the vertical acceptance to 0.4◦. Because of
the large vertical magnification My, the particle trajectories in the focal
plane were nearly horizontal. The approximation described in section 4.2
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Figure 4.12: Relative energy versus sum energy for the final experi-
ment. The ‘islands’ of events are due to the excitation of the various
resonances at 0.93 and 1.37 MeV for 2− and 2.68 and 4.36 MeV for 2+.
A part of the target-excitation cloud is visible on the left. The right
dashed line is the expected (from eq. 4.6) elastic breakup position, the
left one is due to breakup of 2− resonances leaving 12C in its first-excited
state. The solid lines are the cuts in the sum-energy spectrum to isolate
the resonances shown in fig. 4.10. The ellipses are more accurate cuts to
isolate each resonance cleanly.

was then very good. The angular resolution of the setup improved to
about 0.35◦ and the momentum resolution to about 8× 10−4.

This measurement allows to evaluate the optical parameters of the
reaction at the present beam energy. The fit was actually done with
potentials formerly determined at 94 MeV/u [Rou88] (see table 2.1) and
found to match closely our data. This was expected because the optical-
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Figure 4.13: Relative-energy spectrum of the final experiment. Two
peaks are located at 2.7 and 4.4 MeV, corresponding to the 2+ resonances
at 2.68 and 4.36 MeV. The low resolution due to the broken detector is
approximately 750 keV.

model parameters are known to vary slowly with energy (see figs. 4.14
and 4.15.). For the coincidence runs, the angular position of each
fragment in the spectrometer opening can be reconstructed as shown in
fig. 4.16. The angular distribution of the centres of mass of the fragments
is reconstructed independently for each resonance. The angular position
of 16O∗ is reconstructed from the angles of the fragments at the target
by the centre-of-gravity relations: θO = (mCθC +mαθα)/(mC +mα) and
φO = (mCφC + mαφα)/(mC + mα), from which the oxygen scattering
angle Θ is given by tan2 Θ = tan2(Θ0 + θO) + tan2 φO, where Θ0 is the
angular position of the spectrometer (6◦ for the test and 4◦ for the final
experiment). The measured 16O distribution is plotted in fig. 4.17 for
both resonances.
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Figure 4.14: Elastically-scattered 16O on 208Pb at 80 MeV/u. The
data were measured during the final experiment. The line is an ECIS
calculation with optical parameters from [Rou88]. The ECIS calculation
is sampled with a simulation of the setup and convoluted with an esti-
mated resolution of 0.35◦. The reconstructed cross section is shown in
fig. 4.15.
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Figure 4.15: Measured elastic cross section over Rutherford cross sec-
tion, reconstructed from the data shown in fig. 4.14. The line is the ratio
of the elastic cross section over the Rutherford cross section calculated
by ECIS.
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Figure 4.16: Reconstruction of the positions of the fragments in the
spectrometer opening for each fragment: 12C are on the left and α are
on the right. A gate on the 2+ resonances is made. Data are from the
final experiment.

It is of great importance to measure accurately the angular correla-
tions of the fragments in their centre of mass. Since they are determined
by the multipolarities of the transitions and their interferences, they al-
low an accurate identification of the contributions. The sensitivity of
the angular correlations to the relative strength of the contributions is
discussed in ref. [Bau89] for the semiclassical case. It was shown in the
former section how the angular coordinates at the target are calculated
for the fragments. The centre-of-mass angles for a fragment are given
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Figure 4.17: Angular distributions of 16O∗ measured for the 2+ states
at 9.84 and 11.52 MeV. Data are from the final experiment.
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classically by

cos(θCcm) =
V 2

C − V 2
O − v2

C

2 VO vC

, (4.7)

cos(θαcm) =
V 2

α − V 2
O − v2

α

2 VO vα

, (4.8)

tan(φCcm) =
φCT − φαT

θCT − θαT

, (4.9)

φαcm ≡ φCcm + π[2π] , (4.10)

or relativistically via the Lorentz transformations. In theory θαcm =
π− θCcm, but in practice these are measured independently and in order
to reduce the statistical uncertainty, we construct one of the polar angles
(arbitrarily θCcm) by averaging the two measurements: θ′Ccm = [θCcm +
(π − θαcm)]/2.




